We evaluated the effects of atrial pacing on atrio-sinus conduction and overdrive suppression in 15 isolated rabbit sinus node preparations. Decreasing the pacing cycle length from 400 to 200 msec increased atrio-sinus conduction time from 35 ± 10 msec (± SD) to 72 ± 25 msec, and various degrees of atrio-sinus block developed. Increase of conduction time was associated with a decrease of maximum diastolic potential and a marked decrease in action potential amplitude of the sinus node fibers, which gradually returned to control values after cessation of drive; both the changes in conduction times and transmembrane potentials were most pronounced in dominant pacemaker fibers of the sinus node and gradually diminished toward the atrium. An increase in pacing rate decreased the slope of phase 4 depolarization of dominant pacemaker cells after drive (overdrive suppression), until atrio-sinus block ensued; the latter accounted for both the shortening and increasing variation of sinus node recovery time following rapid drive. We conclude that neither pacing-induced release of acetylcholine nor stimulation of an electrogenic sodium pump provide a major contribution to overdrive suppression of sinus node pacemaker cells as the latter likely does in Purkinje fibers. Depression of phase 4 depolarization depended on the prior rate of beats propagated to the sinus node. Sinus node recovery time cannot be interpreted only in terms of overdrive suppression of the automatic process but is the result of a complex interaction between conduction and impulse formation in the sinus node.
RAPID atrial pacing to induce overdrive suppression (Rosen et al., 1971; Mandel et al., 1971; Narula et al., 1972) and premature atrial stimulation recently have been introduced into clinical practice to measure sinus node recovery time and sinoatrial conduction time. To test the validity of the latter diagnostic procedure, we previously investigated the response of the isolated rabbit sinus node to ectopic atrial premature beats using an extensive sinus node-mapping procedure (Steinbeck et al., 1978) . We demonstrated that, following a premature beat (elicited late in atrial diastole, but early enough to capture the dominant pacemaker fibers of the node), retrograde impulse propagation from the atrium to the sinus node (atrio-sinus conduction) is more rapid than antegrade propagation from the sinus node to the atrium during spontaneous rhythm (sinoatrial conduction) (Steinbeck et al., 1978) . The earlier the premature beat is elicited in the atrial cycle, the longer the time for conduction from the atrium to dominant sinus node fibers (Bonke et al., 1969; Miller and Strauss, 1974) . In this study, we used the same mapping technique as previously to evaluate the atrio-sinus conduction pattern during rapid atrial pacing. Results provide evidence that the rate of atrial stimulation strikingly affects atrio-sinus conduction, which in turn was found to be a major determinant for overdrive suppression of the sinus node pacemaker and, hence, the length of the recovery interval after cessation of drive.
including the superior vena cava and the right atrial appendage, but without the AV node, was isolated and mounted in a tissue bath with its endocardial surface uppermost. The perfusion fluid contained (in mM): NaCl, 130; KC1, 4.7; CaCl 2 , 2.5; MgCl 2 , 2.6; NaHCO 3> 24.9; NaH 2 PO 4 , 1.3; glucose, 11. The pH was kept at 7.35 ± 0.05 and temperature at 37 ± 0.2°C. The fluid, oxygenated by gassing with a mixture containing 95% O 2 and 5% CO2, entered the tissue bath at the bottom and left it from the surface at a rate of 50 ml/min. The preparations beat spontaneously.
To record a bipolar surface electrogram, a pair of Teflon-coated silver wires was placed on the crista terminalis. A second pair of Teflon-coated silver wires positioned on the right atrial appendage was used for stimulation. A programable stimulator (Medtronic conduction system analyzer model 5325, and Tektronix pulse generator PG 505) delivered single stimuli with variable prematurity after every 10th spontaneous beat of sinus origin or a train of stimuli (impulses were of rectangular shape, 2 msec in duration, and twice diastolic threshold). Both the interval between the impulses (pacing rate) as well as the duration of pacing could be varied. Transmembrane potentials of sinus node fibers were recorded by glass microelectrodes filled with 2.7 M KC1. Electrical resistances ranged from 10 to 30 MS2. The microelectrode was connected to an amplifier with high input impedance and capacitance neutralization. Another microelectrode, placed in the tissue bath, served as the indifferent electrode. The exploring microelectrode was rigidly mounted on a micromanipulator which allowed horizontal movements of the electrode in an area of 25 X 25 mm with an accuracy of 10 jum (Brinkmann micromanipulator, model MH) . When the analysis of one fiber had been completed, the microelectrode was withdrawn and moved to another site. Thus, the entire pacemaker area was consecutively explored by one microelectrode, the distance between neighboring sites varying between 0.25 and 1.0 mm. A more detailed description of this mapping technique and its applicability for the analysis of electrophysiological events within the sinus node has been given previously (Steinbeck et al., 1978) . As an indication of the moment of activation, the 50% amplitude of the transmembrane potential during depolarization and the intrinsic deflection of the surface electrogram were used. Time intervals were measured by feeding the signals into a time-interval counter (HP 5326 B). In addition, all signals were stored on magnetic tape (Ampex PR 2200; tape speed 15 inches/sec) and subsequently displayed on a 6-channel recorder (Multi-Scriptor EK 22, Hellige) for detailed analysis.
Definitions: Maximum diastolic potential is the most negative voltage reached during diastole; takeoff potential is the diastolic membrane potential at the onset of phase 0 depolarization; action potential amplitude is the difference between take-off potential and the most positive membrane voltage reached during activation; action potential duration is measured from the moment of phase 0 depolarization to the time at which repolarization is 90% complete. A dominant pacemaker fiber is a cell exhibiting the longest latency between its phase 0 depolarization and atrial activation during spontaneous rhythm found after extensive mapping of the endocardial sinus node area. In addition, such a fiber shows pronounced phase 4 depolarization as well as a very smooth transition from phase 4 to phase 0 depolarization.
Results

Spread of Atrio-Sinus Conduction
Atrial pacing rate strikingly affects atrio-sinus conduction time. This spread of activation across the sinoatrial border was mapped during spontaneous rhythm and rapid atrial pacing at two different rates in three sinus node preparations. Figure 1 depicts results of one experiment. During sinus rhythm at a mean basic cycle length (CL) of 440 msec, 43 fibers were explored consecutively by one microelectrode within 20 minutes, and on the basis of the activation times, isochronous lines of the activation pattern of the sinus node were defined (Fig. 1A) . The earliest activity of a fiber is taken as zero reference. Conduction from this pacemaker center toward the atrium does not take the shortest route; instead, there is preferential conduction in an oblique direction toward the cranial end of the crista terminalis. In this preparation, propagation reaches the atrial appendage after 34 msec. Conduction in the caval area is very slow or even blocked. A similar activation pattern has been reported previously (Sano and Yamagishi, 1965; Steinbeck et al., 1978; Bouman et al., 1978) . Figure  IB depicts atrio-sinus conduction time during constant atrial drive with a cycle length of 350 msec. The direction of impulse propagation is now from left to right, and the ectopic wave penetrates the pacemaker area as a broad wave front which decelerates continuously on its way to the caval area. It takes 60 msec or more for propagation to reach the dominant pacemaker cell. Caval fibers are captured up to 180 msec later than the atrial appendage. Finally, the preparation was overdriven at a shorter cycle length of 230 msec (Fig. 1C) . Conduction time from the crista to the pacemaker increases to about 100 msec, and up to 200 msec are required for penetration into the cava. In addition, very slow conduction in the caval area progressed into varying degrees of conduction block, apparent from alternating amplitudes of action potential recordings (not shown in Fig. 1C ). From Figure 1 , it can be concluded that atrio-sinus conduction time becomes markedly prolonged with a decrease of the pacing cycle length during regular atrial stimula- tion. Identical results were obtained in all of the three sinus node preparations in which the activation sequence was mapped as illustrated in Figure  1 . Whereas the maps in Figure 1 depict changes in atrio-sinus conduction time measured in the steady state, Figure 2 provides information about the development of these changes with time. During an atrial pacing period of 20 seconds with a cycle length of 370 msec (left upper panel), the initial time interval for conduction from the atrium to a dominant pacemaker fiber (filled circles) was 34 msec, to a latent pacemaker fiber (unfilled circles) 30 msec, and to a crista terminalis fiber (triangles) 2 msec (left upper panel). Almost no changes in these intervals occur during stimulation at this rather low pacing rate. During drive at CL=200 msec (left lower panel), the respective time intervals are 60 msec, 46 msec, and 3 msec. Conduction times increase with further pacing, the increment being most pronounced for the dominant pacemaker fiber and smallest for the crista terminalis fiber. After about 5 seconds of pacing, the values become constant. During a drive period at CL=150 msec (right panel), the initial latencies are 70 msec, 46 msec, and 4 msec for the dominant and latent pacemaker fiber and for crista terminalis, respectively. These intervals increased even further in successive stimulated beats when compared with the left lower panel, again being most pronounced for the dominant pacemaker fiber. After 1 second of pacing, the latency for capture of this latter fiber starts to change abruptly from beat to beat (the shaded area giving the maximum and minimum conduction times). This was associated with alternation in amplitudes of the action potentials reflecting an alternation of the depth of penetration of consecutive atrial impulses propogating toward the dominant pacemaker area. Therefore, Figure 2 indicates that, after a decrease of atrial driving cycle length, atriosinus conduction time increases rapidly, reaching a new steady state after a few seconds. Until the VOL. 46, No. 6, JUNE 1980 occurrence of block, this conduction delay is more pronounced in the center of the node than in its periphery.
In 12 experiments, we measured time for conduction in the steady state from the atrium to the dominant pacemaker fibers in the sinus node ( Fig.  3) . At a drive cycle length of 400 msec, atrio-sinus conduction time amounted to 34 ± 11 msec (± SD). These values were somewhat longer than the mapped sinoatrial conduction time of 30 ± 10 msec measured during spontaneous rhythm at a cycle length of 446 ± 58 msec. With a decrease of the cycle length, atrio-sinus conduction time increased continuously to approximately twice control (72 ± 25 msec) when the cycle length was halved (pacing cycle 200 msec).
Transmembrane Potentials of Sinus Node Fibers
Marked changes in configuration of transmembrane potentials of sinus node fibers were associated with changes in atrio-sinus conduction due to atrial pacing. This is illustrated in Fig. 4 . The upper panel shows records from a pacemaker fiber before, during, and after a period of atrial drive at a cycle length of 200 msec. The interval for conduction from the atrium to the impaled fiber is 26 msec for the second paced beat which captures the sinus node. It increases rapidly in the consecutive beats, reaches a more or less steady value after 5 seconds of pacing, and is 38 msec before cessation of pacing (diagram below). This increasing conduction time is paralleled by a fall of maximum diastolic potential from -70 mV to -64 mV and a decrease of action potential amplitude from 80 mV to 48 mV (see upper tracing). After cessation of pacing, maximum diastolic potential and total transmembrane potential amplitude return to control values. When the duration of pacing was extended up to 2 minutes, no additional changes than those seen at 20 seconds were seen in atrio-sinus conduction time and transmembrane potentials.
The extent of the electrophysiological changes induced by pacing differed among sinus node fibers. The differences between a dominant and a latent pacemaker fiber response are depicted in Fig. 5 . During spontaneous rhythm (panel A), the dominant pacemaker fiber discharges 22 msec, and the latent one 10 msec, before atrial activation recorded from the crista terminalis electrogram (not shown).
During atrial drive at a cycle length of 250 msec (panel B), maximum diastolic potential of the fiber shown on the upper trace decreased slightly, and action potential amplitude fell considerably, whereas maximum diastolic potential stayed approximately the same, and the fall of action potential amplitude was minor in the simultaneous lower record from the latent pacemaker cell. In addition, the action potential amplitude of the dominant pacemaker fiber starts to alternate in consecutive beats at 200-msec pacing cycle lengths (panel C), every second one decreasing progressively with further continuance of atrial drive. In contrast, the latent pacemaker fiber maintains a constant high action potential amplitude throughout the period of pacing. When atrial stimulation at 175-msec cycle lengths is performed (panel D), the difference in amplitude of consecutive action potentials is even more marked and develops more rapidly in the fiber on the upper trace than at 200-msec cycle lengths. Discrete alternations in action potential amplitude are now also apparent in the recording from the latent pacemaker fiber. In other words, a 2:1 block -76 mV ± 4 -67 mV ± 6 86 mV ± 11 99 msec ± 16
-87 mV ± 4 -82 mV ± 6 110 mV ± 8 86 msec ± 9
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Values represent the mean ± one standard deviation of the mean. Action potential duration was measured from the onset of phase 0 depolarization to the time at which repolarization is 90% complete.
of 175 msec and probably occurred more in the periphery of the node. Every second beat led to practically no response of the dominant fiber at 175-msec cycle lengths (see panel D on the right of Fig. 5 ), whereas a small response of the same fiber was observed at the fast sweep speed on the right of panel C. Table 1 summarizes the changes of transmembrane potentials in the steady state of dominant pacemaker fibers, latent pacemaker fibers, and crista terminalis fibers, when the preparations were subjected to a continuous decrease in the pacing cycle length. Recordings at cycle lengths between 400 and 300 msec (left row of data) are compared with the same impalements at shorter pacing cycles ranging between 225 and 200 msec (right row of data). Measurements were performed in the steady state at the end of a 30-second period of drive. With an increase of pacing rate, dominant pacemaker fibers exhibit the following changes: (1) a decrease in maximum diastolic potential; (2) an increase in take-off potential (with an increase of rate, the fiber which undergoes depolarization in diastole, is discharged earlier in diastole); (3) a decrease in action potential amplitude. These changes resulted in the marked decrease in total transmembrane potential by a mean of 22 mV. Latent pacemaker fibers show changes in the same direction which, however, are less pronounced. Changes are even smaller in crista terminalis fibers at long and short drive cycle lengths. Action potential duration to 90% repolarization was longest in dominant pacemaker fibers and increased from 122 ± 15 msec (± SD) to 156 ± 22 msec during a decrease in the cycle length from 350 to 200 msec. Prolongation of action potential duration again was less pronounced in latent fibers (from 99 ± 16 msec to 118 ± 28 msec) and absent in crista terminalis cells (86 ± 9 msec and 82 ± 7 msec, respectively).
Atrio-Sinus Conduction and Sinus Node Recovery Time
In eight preparations, we determined the relationship between atrial driven cycle length and sinus node recovery time, i.e., the interval between the last paced atrial beat and the first atrial activation of sinus origin after termination of drive (Fig.  6 ). To compare data from different preparations with varying basic cycle lengths, we plotted corrected sinus node recovery time on the ordinate (sinus node recovery time in excess of basic cycle prior to pacing). When the pacing cycle length is decreased in steps of 25-50 msec in consecutive trials, the recovery interval prolongs continuously, the mean value reaching a maximum following a pacing cycle of 225 msec. With further decrease of the pacing cycle lengths, the mean recovery time shortens slightly. Furthermore, variation of recovery intervals increases markedly as indicated by an increase of standard deviation of the mean (shaded area in Fig. 6 ). Reversing the order of pacing cycles from short to long cycles (three experiments) or a random order of pacing cycle lengths (two experiments) produced almost identical results. A very similar response of sinus node recovery time to atrial pacing has been reported previously for the isolated cat heart (Lu et al., 1965) and for man with normal sinus node function (Mandel et al., 1971 ).
The reason for such an optimum rate of drive to produce sinus node depression remains unknown. It has been postulated that the length of sinus node recovery time-among other things-will depend on how many of the impulses elicited in the atrium are conducted retrogradely to the sinus node to discharge the pacemaker center ).
Since it is evident from the previous paragraphs that, following an increase of atrial drive rate, atriosinus conduction decelerates markedly until atriosinus block occurs, it seemed worthwhile to assess the role of atrio-sinus conduction in the genesis of the relationship between pacing rate and sinus node recovery time depicted in Figure 6 . Figure 7 shows a transmembrane potential recording from a dominant sinus node fiber-as demonstrated by prior mapping of the spread of activation during spontaneous rhythm-together with a surface electrogram from the crista terminalis during and after three atrial pacing trials with cycle lengths of 400, 225, and 150 msec. During drive at 400-msec cycle lengths (upper panel), retrograde conduction time from crista terminalis to the fiber impaled is 28 msec. Maximum diastolic potential and peak value of the intracellular recording are unchanged when compared with spontaneous rhythm; the recovery interval is 504 msec. During drive at 225-msec cycle lengths (middle panel), retrograde conduction time is increased to 44 msec. Maximum diastolic potential is decreased, and action potential amplitude is lowered when compared with the drive period in the upper panel. Although minor alternation of action potential amplitude is apparent in consecutive beats, 1:1 retrograde conduction is maintained; the recovery time of 645 msec was the longest observed in this preparation. When the pacing cycle length is decreased to 150 msec (lower panel), the atrium still is captured by every stimulus. However, every second atrial activation is followed by only a small response of the sinus node fiber during the repolarization phase of the preceding conducted beat (atrio-sinus block of every second beat). Retrograde conduction time of the conducted beat is further increased (52 msec). Recovery time has decreased to 624 msec. From Figure 7 , it may be inferred that it is the increase of the effective rate of pacemaker discharge that depresses spontaneous phase 4 depolarization thereby prolonging sinus node recovery time, and that it is a decrease of pacemaker discharge rate due to atrio-sinus conduction block during atrial pacing at short cycles that allows for some shortening of maximally prolonged recovery times to occur. The pattern illustrated in Figure 7 was observed in 10 of 10 preparations. VOL. 46, No. 6, JUNE 1980 Another, more important explanation for both the shortening of mean recovery intervals and increased variation of this parameter is given in Figure 8 . The two records in the upper half of this figure are from the same preparation shown in Figure 7 . In both panels, pacing cycle length is 150 msec. Retrograde conduction time from the atrium to the impaled fiber is the same in both pacing trials (52 msec), as is the course of the transmembrane potential recording demonstrating a 2:1 atrio-sinus entrance block. However, the important difference is that the last paced atrial beat discharges the pacemaker fiber above, whereas this last paced beat is blocked in the lower panel. When the last paced beat is conducted to the sinus node, sinus node recovery time is longer than when the last beat is blocked. After a small abortive response following the last stimulated atrial activation in the lower panel, the same fiber undergoes phase 4 depolarization and reaches threshold for spontaneous discharge much earlier than in the upper panel, resulting in a much shorter sinus node recovery time below, compared with the upper panel of Figure 8 (510 msec and 624 msec, respectively). Overdrive suppression was measured in two ways: (1) from the recovery time of the sinus node cell itself, (2) from the recovery time of the atrium (hitherto referred to as sinus node recovery time).
The graph in Figure 8 gives the recovery times after two trials of atrial drive at each pacing cycle length. Both intervals are almost identically affected by the pacing cycle length; the recovery time of the atrium, however, is always longer than that of the sinus node cell itself due to the time for conduction into and out of the sinus node. After drive cycle lengths of 225 msec and longer, almost identical recovery times were observed in consecutive trials with the same pacing cycle length. After drive cycles shorter than 200 msec, variation of both recovery times increased markedly in this preparation. As can be expected from the top two panels in Figure 8 , the long intervals occurred in trials in which the last paced atrial beat was conducted to the sinus node, and the short ones occurred after pacing periods in which the last stimulated beat was blocked. Although it is not meaningful to measure the recovery time following an atrial beat which is not conducted to the sinus node, the diagram indicates the wide scatter of measured recovery intervals when atrio-sinus conduction time during drive is not controlled, as in humans. Differences similar to those shown in Figure 8 were found in six preparations in which two trials of rapid drive at identical pacing cycle lengths were applied and then terminated by paced atrial beats, one of which was conducted and the other one not conducted to the sinus node. The event illustrated in Figure 8 filled a crucial role in determining the length of the sinus node recovery time following pacing cycles short enough to cause various degrees of atrio-sinus en- trance block. It is this variability of atrio-sinus conduction pattern at the very moment of drive cessation that accounts for both the shortening of mean recovery intervals and their increasing variation after short drive cycle lengths in Figure 6 .
Discussion
When single electrical stimuli are applied to the right atrium during normal sinus rhythm, atriosinus conduction time will depend on the prematurity of stimulation: after one premature beatelicited late in atrial diastole-atrio-sinus conduction time is shorter than sinoatrial conduction time during spontaneous rhythm (Steinbeck et al., 1978) . Impalements from single dominant pacemaker cells indicate that, the more the prematurity of stimulation is increased, the more atrio-sinus conduction time is prolonged (Bonke et al., 1969; Miller and Strauss, 1974) .
The experiments described in this study demonstrate that when the cycle length of continuous atrial pacing for overdrive suppression of the isolated rabbit sinus node was decreased from 400 to 200 msec, atrio-sinus conduction time increased approximately 2-fold, and various degrees of atriosinus conduction block occurred. These data extend an earlier report in which atrio-sinus conduction time, measured at a fixed atrial rate of 2.5-3/sec, was longer than sinoatrial conduction time during spontaneous rhythm (Sano and Yamagishi, 1965) . The results also are in accordance with previous work on the isolated cat sinus node, in which it was found that true pacemaker cells were less capable of following a fast drive than were latent pacemaker cells (Lu et al., 1965 ; see also Fig. 5 ). Thus, atriosinus conduction time is strikingly rate dependent, as has been described for conduction through the AV node (Hoffman and Cranefield, 1960) .
It has been reported that, if isolated sinus node tissue of the rabbit is stimulated transmurally by a short burst of electrical stimuli at 10-100/sec, an increase of maximum diastolic potential and a decrease of subsequent rate of discharge occurs. Atropine completely blocked hyperpolarization and reduced depression of the discharge rate following drive (West, 1961; Amory and West, 1962) . In the isolated cat sinus node, drive at cycle lengths between 100 and 630 msec of the endocardia! surface of the crista terminalis resulted in a decline of action potential amplitude and eventual hyperpolarization of pacemaker cells, the latter, however, being not a consistent finding (Lu et al., 1965) . Somewhat at variance with that study, we report a decrease of maximum diastolic potential together with a decrease in action potential amplitude of sinus node cells during atrial drive at rates up to 6.6/sec. A difference in species used does not account for this partial inconsistency of results, since we also studied three isolated cat hearts which gave results practically identical to those for the rabbit heart.* Changes were most pronounced in dominant * After the present manuscript had been submitted, a paper appeared by I. Kodama, J. Goto, S. Ando, J. Toyama, and K. Tamada (Effects of rapid stimulation on the transmembrane action potentials of rabbit sinus node pacemaker cells. Circ Res 46: 90-99, 1980) which, using single sucrose gap methods, reports measurements of transmembrane action pacemaker fibers and gradually diminished toward the atrium (see Fig. 4 and 5, and Table 1 ). Our preparations were stimulated from the atrial appendage about 5 mm from the sinus node. Pretreatment with atropine (1 mg/liter of perfusion fluid), or stimulation of other endocardial sites (atrium, crista terminalis, or the sinus node area itself) did not significantly affect the transmembrane potential during and following drive. Application of electrical stimuli to the atrium at a rate of 100/sec also did not produce any transient hyperpolarization of sinus node fibers. Only if, in addition, the stimulating electrodes were placed on the sinus node area close to the superior vena cava were the electrophysiological effects of acetylcholine release from vagal fibers readily observed, thus confirming previous work (West, 1961; Amory and West, 1962; Spear et al., 1979) . On the contrary, pacing the atrium at rates which the sinus node still can follow, results in more direct effects on the membrane of sinus node cells, which is likely to apply also to the situation of in vivo studies in experimental animals or in human subjects in whom atrial stimulation is performed for overdrive suppression of the sinus node.
Which mechanism might be responsible for the marked decrease in action potential amplitude of sinus node fibers during atrial drive? Phase 0 amplitude is both voltage and time dependent (Weidmann, 1955) . In fibers from the border of the sinus node, recovery from inactivation has been shown to be a slow process so that depression of excitability (measured as action potential amplitude or dV/ dt m ax) outlasts full repolarization of these cells (Strauss and Bigger, 1972) . When the change of transmembrane potential of a sinus node fiber is studied during one period of fast atrial drive, the decrease in action potential amplitude is accompanied by a decrease of both maximum diastolic potential and take-off potential (see Fig. 4 and 5). In this instance, the decrease in amplitude might be mediated by a decrease in take-off potential (voltage dependence), and/or caused by the effect of the rate of stimulation on phase 0 depolarization (time dependence). Two arguments favor the latter assumption:
1. Looking at the change of maximum diastolic potential and action potential amplitude with time during one drive period in Figure 4 , maximum diastolic potential declines rapidly by 6 mV, thereafter staying constant, whereas action potential amplitude continues to fall throughout the period of drive by a total of 32 mV; in the middle panel of Figure  5 , strong alternations of amplitude develop in consecutive beats despite a constant value of take-off potential, suggesting these two events are not closely linked. VOL. 46, No. 6, JUNE 1980 sinus node fiber in the steady state at different pacing cycle lengths, decrease of pacing cycle results in a decrease in action potential amplitude, although take-off potential is shifted simultaneously to more negative values (see data in Table 1 ). These findings concur with the assumption that it is the time lag for recovery of excitability accumulating with successive beats of fast drive (Lipsius and Vassalle, 1978) , which in the main accounts for the decrease in action potential amplitude, thereby reducing conduction velocity in the sinus node. What accounts for the decrease of maximum diastolic potential of sinus node fibers associated with rapid atrial drive? One explanation is that the shortening of the interval between the action potentials prevents completion of phase 3. This is further supported by our finding that action potential duration of sinus node cells increases with a decrease of pacing cycle length (see Table 1 ). A second factor might be a transient loss of potassium from the myocardium following an increase of pacing rate (Langer and Brady, 1966; Gilmore and Gerlings, 1969) . The most likely mechanism underlying this potassium loss is a time lag of the Na + -K + pump (Kunze, 1977) . As a consequence, the intracellular to extracellular potassium concentration gradient will fall due to an increase of [K + ] o and/or a decrease in [K + ]i, thereby decreasing maximum diastolic potential. Also, following an increase of heart rate, the inside of the cell is loaded by Na + which in turn increases Na + -K + pump activity. It presently is believed that Na + extrusion due to pump activity exceeds the uptake of K + , thereby causing hyperpolarization of the membrane potential of the myocardium (Glitsch, 1972; Tamai and Kagiyama, 1968) . In the isolated rabbit sinus node, the Na + -K + pump was inhibited by supervision of the preparation with K + -free solution. On readmission of K + -containing solution, a hyperpolarization was noted which could be abolished by treatment with ouabain or cooling of the tissue (Noma and Irisawa, 1974; Noma and Irisawa, 1975) , thus suggesting the presence of an electrogenic Na + -K + pump also in the membrane of sinus node pacemaker cells. Likewise, stimulation of Na + -K + pump activity is to be expected during rapid drive. Accordingly, it has been observed in Purkinje fibers that during drive for 2 minutes the initial decrease in maximum-diastolic potential is followed after about 1 minute by a hyperpolarization above control values; after cessation of drive, this hyperpolarization gradually decreases and membrane potential returns to the control value over a period of several minutes (Vassalle, 1970) .
We have shown in rabbit sinus node fibers that, during a 30-second period of rapid drive, the maximum diastolic potential remains decreased and that, after cessation of drive, it returns gradually in about 10 successive beats to the control value. Extension of the duration of drive up to 2 minutes led to no further change of maximum diastolic potential nor did it affect the length of sinus node recovery time. This suggests that electrogenic pump activity does not provide a major contribution to overdrive suppression in the sinus node as it likely does in Purkinje fibers.
After termination of atrial drive, impulse formation in the sinus node is determined by the level of maximum diastolic potential, slope of phase 4 depolarization, and threshold potential of the leading group of pacemaker fibers. Whereas the observed decrease of maximum diastolic potential would lead to an acceleration of impulse formation, this effect is overweighed by a decrease of the slope of diastolic depolarization resulting in depression of automaticity. This finding essentially confirms previous work (Lu et al., 1965) . The amount of phase 4 depression depends on the rate of prior discharge (see Fig. 7 ); its ionic mechanism remains unknown. We also noted pacemaker shifts (especially after rapid rates of pacing during which 1:1 conduction back to the pacemaker center was still preserved) and the eventual occurrence of subthreshold oscillations of varying duration following electrical drive, as did Lu and co-workers. Levels of threshold potential, although tending to less negative, were not determined quantitatively because of the smooth transition between phase 4 and phase 0 depolarization.
Clinical Implications
When the sinus node is electrically driven at rates in excess of its inherent rate, cessation of pacing is followed by a period of quiescence called overdrive suppression. Rapid atrial pacing in humans takes advantage of this phenomenon by measurement of the sinus node recovery time (interval from the last paced atrial beat to the first spontaneous atrial excitation of sinus origin) as an indirect test of sinus node function. When sinus node recovery time is prolonged, this has been taken as indicative of an impairment of sinus node impulse formation.
Sinus node recovery time includes retrograde conduction time from the atrium to the sinus node, impulse formation in the group of pacemaker fibers dominating after drive, and antegrade conduction time from this pacemaker site to the atrium. If conduction across the sinoatrial border were 1:1 and equal at all pacing rates applied, sinus node recovery time would be determined by the effect of electrical drive on impulse formation in the sinus node. We have shown that atrio-sinus conduction is strongly pacing-rate dependent, with various degrees of atrio-sinus block occurring during more rapid rates. Block of conduction prevents pacemaker fibers from being discharged 1:1, and this low factor of safety for atrio-sinus conduction in the main accounts for the dependence of sinus node recovery time on pacing rate. Effects on sinus node recovery time even might be increased in the case of impaired conduction in and around the sinus node. Thus, well-preserved atrio-sinus conduction during drive might disclose impaired impulse formation; however, block of atrio-sinus conduction might effectively prevent the diseased pacemaker tissue from being captured. This could result in a normal sinus node recovery time; changes in sinoatrial conduction time after drive also might affect this interval Steinbeck and Liideritz, 1975) . We conclude from our study that, although the measurement of sinus node recovery time yields useful clinical information about sinus node function, results cannot be interpreted only in terms of overdrive suppression of impulse formation, but are due to a complex interaction between conduction and automaticity in the sinus node.
